Hydroxyl and other oxygen-containing radicals are known to be present during the degradation of organic water pollutants in illuminated TiO2 photocatalyst slurries. It is proposed that the hydroxyl radical, OH., is the primary oxidant in the photocatalytic system. Four possible mechanisms are suggested, all based on OH. attack of the organic reactant. The cases of reaction on the surface, in the fluid, and via a Rideal mechanism are shown to yield expressions similar to Langmuir-Hinshelwood (L-H) rate forms. Compared with traditional L-H constants, the derived kinetic parameters represent fundamentally different reactions and properties. A rate parameter independent of organic reactant is predicted by the model and substantiated by experimental degradation data. On the basis of these model results, the kinetic parameters for the photocatalytic degradation may be estimated from data on the photocatalyst's physical properties, the knowledge of electron-hole recombination and trapping rates, and the values of second-order reaction rate constants for hydroxyl radicals.
INTRODUCTION
The investigation of any chemical reaction has often followed a three-step sequence: determination of reaction stoichiometry, description of the observed kinetics, and finally, development of plausible mechanisms. Thus far, these first two steps have accounted for most research in heterogeneous photocatalysis. For example, in studies of aqueous chlorocarbon degradations, mass balances on chloride and carbon, as well as oxygen uptake studies, have indicated the reaction stoichiometry. In addition, the use of LangmuirHinshelwood (L-H) rate equations has provided reasonable simulations of the observed degradation kinetics. It now remains to postulate reaction mechanisms which are consistent with the observed stoichiometry and kinetics, and which are plausible considering the known physical and electronic properties of the illuminated semiconductor-water system. In turn, the proposed mechanisms will suggest further studies and calculations which may support or refute the likelihood of a given mechanism and thereby promote an increased understanding of the photocatalytic reaction.
The effectiveness of heterogeneous photocatalysis for the total oxidation of organic and halo-organic water contaminants has been verified by numerous researchers (1) (2) (3) (4) (5) (6) . Additional work has examined the effect of dissolved oxygen concentration (7, 8) , light intensity (9) (10) (11) , photocatalyst particle size (12, 13) , and the practicality of immobilizing the photocatalyst (14) (15) (16) ). An interesting aspect of the accumulating kinetic data is that in a given reactor the observed disappearance rates for a variety of different chemical compounds are remarkably similar (1, 5) . This behavior might be expected for a reaction involving a highly energetic species (e.g., photo-excited electron or hole). Yet, since surface adsorption is required for interaction with these species, differences in the affinity for adsorption of different chemical compounds should give rise to a broad range of observed reaction rates. If, on the other hand, a surface species such as hydroxyl radicals acted as a reactive intermediate between the photoexcited semiconductor and oxidizable or-178 ganics, the similarity of reaction rates could be explained by a rate-limiting step consisting of hydroxyl radical formation or by the relatively uniform rate with which hydroxyl radicals attack many organics (17) .
In this paper, we outline evidence implicating the hydroxyl radical, OH., as the primary oxidant in the photocatalytic oxidation of organics. A single semiconductor particle is modeled to determine the photocatalytic reaction rate per particle. The modeling of a single particle will allow the results to be incorporated into an appropriate radiation intensity profile to solve for an overall degradation rate in a typical illuminated slurry reactor. The derived kinetic model is based on hydroxyl radical attack of the organic reactant. Four cases are investigated:
(I) Reaction occurs while both species are adsorbed.
(II) A nonbound radical reacts with an adsorbed organic molecule.
(III) An adsorbed radical reacts with a free organic molecule arriving at the catalyst surface.
(IV) Reaction occurs between two free species in the fluid phase. Similar rate forms are found for each case. The four kinetic models developed are all consistent with reported initial rate and temporal degradation data and are no more complicated than empirical expressions frequently used to describe photocatalytic degradations.
EVIDENCE FOR OH. AS THE PRIMARY OXIDANT
It is well documented that the surface of TiO2 is readily hydroxylated when the semiconductor is in contact with moisture (18, 19) . Both dissociated and molecular water are bound to the surface. When H20 dissociates on a pure TiO2 surface, two distinctive hydroxyl groups are formed (20, 21) (Fig. 1 ). Boehm (20) has estimated that the theoretical maximum surface coverage is 5-15 OH-/nm 2, depending on which crystal plane is being considered. Infrared evidence and spatial considerations suggest that certain crystal faces, (100) and (101), bond only molecular H20, while others, (II0) and (001), produce hydroxyl group pairs as in Fig. I (21-23) . Assuming that anatase particles consist of a mixture of these surface planes (23) , complete surface coverage by OH-and H20 should be represented by a surface density of 5-15 OH-/ nm 2, depending on the crystal faces present (that is, on production and pretreatment techniques). Most researchers report surface coverages of 7-10 OH-/nm 2 on room 
Note. Species in parentheses may be adsorbed or in the aqueous phase. temperature TiO2 (22, 24-27). These results are consistent with a particle completely covered by bound OH-and H20. A complete sequence of elementary steps representing the proposed mechanisms is summarized in Table 1 (Eqs. (T1)-(T15)) . The four cases cited earlier are given as reactions (T9) through (T12). Under near-UV illumination, electron-hole pairs are formed in the semiconductor (reaction (T1)). These two species may recombine in the bulk lattice or migrate to the surface where they can react with adsorbates. Since OH-and H20 groups are the most abundant adsorbates, it seems likely that holes will react with these species. For oxidation of OH-or H20 to occur, the oxidation potential for reactions (T6-a) and (T6-b) must lie above (i.e., be more negative than) the position of the semiconductor valence band, Ev. The The oxidation potentials for many organic compounds are also above the Ev of anatase, so, at least thermodynamically, they should be able to interact directly with holes at the photocatalyst surface. However, experiments run in water-free, aer- Table 2 . Substitution of deuterium for hydrogen on the organic reactant had no effect on the observed initial reaction rate. Apparently, direct reaction between the organic and the photocatalyst valence band holes is not significant. In contrast, replacing the H20 solvent with D20 led to a decrease in rate. These results imply that the rate-limiting reaction step is the formation of active oxygen species (OH. or OD.) through reactions involving the solvent. The observed decrease in rate for the D20 solvent arises from the higher energy requirement for the formation of the radical because the O-D bond has a lower ground energy level than the O-H bond. The photo-generated radical species subsequently attack and degrade the organic reactant.
Intermediates detected during the photocatalytic degradation of aromatic compounds are~typically hydroxylated structures (8, (36) (37) (38) (39) (40) . These intermediates are consistent with those found when similar aromatics are reacted with a known source of hydroxyl radicals (28, (41) (42) (43) , further suggesting that OH. is the primary attacking species.
Lastly, ESR studies have verified the existence of OH. in aqueous solutions of illuminated TiO2 (44, 45) . While the radicalspin trap complex is detected in the liquid phase, it is not possible to distinguish whether the actual trapping reaction occurs on the semiconductor surface or in solution. Studies of a gas-solid system using hydroxylated TiO2 have also detected the presence of OH. (49) . The perhydroxyl radical HO~ has also been detected (45, 46) .
Likely routes for HO~ formation include the protonation of superoxide (reaction (T14)) and the reaction of OH. with photo-generated hydrogen peroxide (reaction (T15)), as H202 is known to be present (8, 47, 48, 50) .
In summary, the experimental evidence supporting the concept of OH-as the primary oxidizing species includes:
• ESR detection of OH. as the most abundant radical species.
• Necessity of photocatalyst surface hydroxylation for organic degradation.
• Kinetic isotope effect demonstrating the kinetic importance of the OH. formation step.
• Formation of highly hydroxylated reaction intermediates.
While OH. is clearly produced by reaction at the photocatalyst surface, it may desorb and react in the fluid phase (44, 46, 51, 52) .
Hence, several possibilities exist for reaction pathways between the radical species and the organic molecules depending on which, if any, of the reacting molecules are adsorbed to the photocatalyst surface at the moment of reaction.
REACTION MECHANISM
A sequence of elementary steps which describe the initial photocatalytic oxidation mechanism is presented in Table 1 . The purpose of this scheme is to reasonably depict the degradation process while maintaining enough simplicity to be useful for the development of kinetic equations. Certain reactions, which are separated into two steps or include two similar events (e.g., (T6)), are represented by one overall reaction rate.
The initiating step in photocatalysis is the excitation of the semiconductor by radiation sufficiently energetic (h < 380 nm for anatase) to produce electron-hole pairs (reaction (T1)). The typically low quantum yield of photocatalytic reactions is due to the high rate of recombination (reaction (T5)). Recombination can be avoided if these mobile species are separated and subsequently "trapped" by surface adsorbates or other sites. In sufficiently large semiconductor particles this separation is aided by the formation of a potential gradient or space-charge region near the solid-liquid interface. The principle hole traps are commonly believed to be adsorbed hydroxide ions or water molecules (reaction (T2)). Hole trapping (reaction (T6)) proceeds with the formation of hydroxyl radicals. Howe and Gr~itzel have recently proposed that the fundamental hole trap (at 77 K) is a subsurface lattice oxygen situated directly beneath an adsorbed hydroxide (53) . At higher temperatures it seems likely that the hole moves to the surface to form the observed OH-:
Formation of the surface OH. requires the abstraction of an electron from the adsorbate, thereby altering if not entirely removing the Ti~v-OH -bond. Immediately after its formation, the hydroxyl radical is still associated with the Ti xv site because of their proximity. This association is depicted in Table 1 by Ti~v~OH .. At this point we have not specified whether or not the radical is adsorbed. Three possibilities now exist: (i) The hydroxyl radical may interact with the solid by reaction (T6-) or equivalently by the back reaction of Eq. (1); (ii) the radical may attack an adjacent adsorbed or solution-phase molecule (e.g., reaction (T9) or (Tll)); or (iii) the radical may diffuse away from its surface formation site and later react with an adsorbed or solution-phase molecule (e.g., reaction (T10) or (T12)). If the hydroxyl radical retains some bond character with Ti TM, perhaps by a rapid resonance with a subsurface oxygen as in Eq. (1), then the radical may be depicted as adsorbed on the semiconductor. Alternately, the radical may be free, yet too reactive to move far from the surface. These two possibilities cannot be distinguished by the analysis of overall kinetics. By comparing typical reaction and diffusion rates we may determine if the above possibility (iii) is plausible. We define q5 as the reaction-diffusion modulus for OH., where reaction rate k6-
Rothenberger et al. (54) have determined that the disappearance rate of trapped electrons follows overall first-order kinetics in trapped electron concentration with a firstorder rate constant of 5.5 × 105 s -1. The disappearance of trapped electrons results from the recombination of trapped holes and trapped electrons, (i.e., the reaction sequence (T6-), (T8-), (T5)). Since hole trapping is slower than either free carrier recombination (reaction (T5)) or electron trapping (reaction (T8)) (54), we can estimate that k6-= 5.5 × 105 s -~. Liquid diffusion coefficients, D, are generally ~10 9 m2/s (55) . Finally, if we take the distance at which the OH-no longer "sees" the solid surface as L = I0 9 m (10 ,~), four to five times the typical Ti-OH-bond length, we find + ~-10 -4. This result implies that the average rate of reaction between the photogenerated OH. and the semiconductor surface (reaction (T6-)) is far less than the diffusion rate. Thus, it is plausible for the radical to diffuse away from the surface and to react subsequently in solution (see (73), however).
The average distance that a hydroxyl radical can diffuse into solution before reacting may be estimated by a similar expression. The reaction of interest is now that between OH. and any reactant [S] that it may en-counter (e.g., organics, other radicals, H202)"
Second-order rate constants for OH. are generally on the order of 109 M -~ s -1 (17) .
By setting ~b' = 1, signifying equal reaction and diffusion rates, we can solve for L and obtain an estimate of the average distance of molecular diffusion before reaction. Note that as reactant concentration [S] increases, this distance diminishes. Using IS] = 10 -3 M, we find L ~ 10 -8 m (100 .~), and for IS] = 10 -6 M, L ~ 10 -6 m. On the basis of these order-of-magnitude calculations, we would not expect OH. to diffuse very far into solution even for very low concentrations of oxidizable reactants. For slurry reactors, where particle-to-particle distances are on the order of microns (56), the OH" diffusion length may be large enough to achieve a nearly homogeneous solution of OH.. However, the much greater separation distances involved with immobilized photocatalysts would limit the degradation reaction to a thin fluid film near the photocatalyst surface, thereby raising the possibility of mass transfer controlled kinetics (56) .
Direct hole-organic reaction (reaction (T7)), while often thermodynamically possible, is not believed to be significant, because of the lack of reactivity witnessed in water-free organic solutions. Recent findings imply that aromatic molecules adsorb to surface hydroxyls rather than directly to the TiOz lattice (57) . For this case, the oxidative attack of the aromatic would be analogous to reaction (T11).
Photo-excited electrons are trapped by Ti TM centers to form Ti m as in reaction (T8-a) (53) . For systems without a reducible adsorbate, conduction band electrons remain on the semiconductor resulting in the formation of the blue color characteristic of Ti In (7, 12, 53, 54, 58) . When 02 is present, the surface Ti m is readily oxidized by molecular oxygen to form the superoxide ion radical (reaction (T8-b) (26, 48, 53, 59) . Superoxide may be further reduced to H202 (reaction (T13)) (47, 48) . Alternatively, under acidic conditions, H ÷ may protonate the superoxide to form the perhydroxyl radical (reaction (TI4), pKa = 4.8). Interaction between OH., HO~, and H202 is shown as reaction (T15). While these three species have been detected in illuminated aqueous solutions of TiO2 (8, 45, 47, 48) , 0~-has only been unequivocally identified in the gas-TiO2 system (60) , and in illuminated solutions of less photo-active semiconductors (61, 62) .
For the purpose of this study, we assume the dissolved oxygen (DO) concentration remains constant, at least for the early portion of the degradation run. Constant DO concentration throughout the entire run has been obtained experimentally by maintaining a well-mixed oxygen headspace in the reactor (40) . The dependence of the photocatalytic degradation rate on DO concentration has been modeled successfully by the noncompetitive Langmuir adsorption term (7, 8) Ko2
Noncompetitive adsorption of oxygen agrees with the suggested mechanism, since 02 is believed to adsorb exclusively on Ti nI sites (reaction (T8-b)) while hydroxyls are formed by adsorption at Ti TM and lattice oxygen sites (reaction (T2)).
Reactions (T9) through (TI2) represent four different possible pathways for OH. attack on organics, depending on whether the reacting species are on the photocatalyst surface or in the fluid phase. The compound created by the Rideal mechanisms ((T10) and (T11)) may be surface bound or in solution, although it seems likely that reaction (T10) will lead to an adsorbed product and reaction (Tll) to a fluid-phase product. If the hole-trapping reaction forms a free hydroxyl radical, the conditions represented by reaction (T4) differ only by the available diffusion time. In this event, there is no mechanistic difference between Cases I and II and between Cases III and IV. The rate expressions for Case II are derived in Appendix 2. Largely because reactions (T1)-(T8) remain unchanged for the four cases, all four cases arrive at rate laws of a similar form. The algebraic forms of the kinetic parameters are summarized in Table 3 . Reactions (T13) through (T15) depict routes for the formation of other radical species. These reactions are given for completeness only and are not used here in the formulation of the kinetic rate laws. Numerous other interactions between radical species are possible but are not listed in this paper. For example see Refs. (8, 37, 45) . The chemical reactions occurring during photocatalysis are clearly numerous and complicated. The challenge to kineticists is to condense the system into a representative rate form of practical use.
DISCUSSION
The expression for rR, (Table 3) has the appearance of the familiar Langmuir-Hinshelwood kinetic rate law Equation (5) has been employed to describe the observed photocatalytic initial rate results of single-component systems (1, 4, 38, 63, 64) . Integrated L-H rate equations, modified to account for possible competitive intermediates, have been shown to fit single-component temporal data (40) . The assumptions used in the derivation of the equation for rR, (Table 3 ) represent the photocatalytic system better than those of the traditional L-H model (see, for example, Ref. (65)). One advantage of formulating rate forms from representative assumptions as opposed to empirical observations lies in the ability to predict trend or values for the parameter groups obtained (i.e., kob s and Kob~). An interesting finding of this study is that, irrespective of which of the four cases is considered, the expression for kob~ is the same (Table 3) . Importantly, kobs iS predicted to be a function only of catalyst properties and reaction conditions, and therefore its value should be independent of the particular organic reactant being degraded.
Experimentalfindings. The usual method for obtaining values for kobs and Kob s (Eq. (5)) is to plot single-component initial rate data as I/r ° vs 1/C °, where rl? is the initial disappearance rate of reactant i, and C o is the initial concentration of i. Such a plot should be linear if the L-H rate form (Eq. (5)) is representative. The intercept of this line corresponds to 1/kobs while the slope is equal to 1/(kobsKobs). Therefore, if kobs is independent of reactant, as predicted by the derived kinetic rate laws (Table 3) , the intercepts should be equal for all reactants degraded in the same reactor and under the same conditions.
Initial rate data are tedious to obtain and prone to variation. When a plot of 1/r ° vs 1/C ° is constructed, there is often appreciable scatter in the data or few data points. A least-squares line may provide the best fit of the data and result in reasonable values for kobs and Kob s . Yet, lines that seem equally good can result in substantially different values for the parameters due to the sensitivity of the intercept (1/kobs) to adjustments in the line used to fit the data. In contrast, the slope, 1/(kobsKobs), is fairly insensitive to such adjustments. These observations indicate that we need to consider the original initial rate data rather than the reported L-H parameters when attempting to ascertain if kob s values for different reactants are indeed equal. Full initial rate data for the photocatalysed degradation of different compounds in the same system are not commonly reported in the literature. Previously reported data from our laboratory for several compounds are shown in Figs. 2-5 [40, [66] [67] [68] .
With only two exceptions, (1,2-dibromoethane in Fig. 4 , and CC14, which displayed very limited reactivity and is not plotted), the intercepts appear to be equivalent. The very slow photocatalytic reaction rate of CC14 is consistent with the reported negligible rates of reaction between OH. and fully halogenated compounds in homogeneous systems (69, 70) . The fact that compounds of different chemical properties like benzene and PCE (Fig. 5 ) or chloromethanes and carboxylic acids (Fig. 2) The predicted square-root dependency of reaction rate on intensity has been observed with the illumination intensities typically used (9, 11) . As discussed in Appendix 2, data obtained at lower illumination levels have shown the transition from first order to square-root dependency with increasing illumination intensity.
From our laboratory results, 14 of 16 different compounds examined have exhibited equal values for kob,, in agreement with our proposed mechanism. The future publication of full initial rate data for different reactants degraded under identical conditions should allow for verification or rejection of this trend. Table 3 , we predict that K for Cases III and IV should be proportional to a second-order reaction rate constant for the two reacting species. (Cases I and II predict a K dependence on the organic's adsorptive properties as well.) If either Case III or IV represents the true mechanism, it should be possible to correlate the K parameters with Table 3 , predicts a direct proportionality between koH. and kobsKobs.
Prediction of parameters. From
second-order rate constants for the solution-phase reaction of OH. and organics. Many of these homogeneous rate constants, which we will denote as koH., have been measured (17) . For Case III we must assume that the rate constant for a surfaceassociated OH-is proportional to its homogeneous solution value. Note that, according to the derived model, koH. = kl2. We will compare tabulated kOH. values with kob~Kobs, since this product, while still predicted to be proportional to kon., is less sensitive to experimental interpretation. Figure 6 displays results for compounds for which both reliable kinetic rate data and aqueous hydroxyl radical reaction rate constants are available. The degradation data in this figure were taken with the same reactor configuration but sometimes involved different catalyst brands.
If a proportionality exists between koH. and kobsKobs, we would expect the data of Fig. 6 to fall on a straight line with a slope of unity on a log-log plot. The results are suggestive but not conclusive. While six of the eight data points correlate reasonably well, those of vinyl chloride and chloroform do not follow the same pattern. (Two points are available for PCE because this compound has been studied by two different researchers.) Because of the effects of pH and other experimental variables, more data are required to establish a clear trend. Also, if the actual mechanism resembles Cases I or II, the affinity for adsorption of each organic will affect r, and a direct proportionality to KOH. would not result. In any event, Fig. 6 shows that a correlation between koH. and kobstCobs is plausible.
Previous researchers have attempted to equate photocatalytic degradation rates with tabulated kon. values (71) . No correlation was found, partly because of the difficulty in finding appropriate literature hydroxyl rate constants for the compounds examined in that study. Additionally, the comparison is usually made between the "kinetic rate constant," kobs (or a pseudofirst-order rate constant), and koH.. Our model predicts that kobs is unrelated to hydroxyl rate constants and that pseudo-firstorder rate constants will often be functions of reactant concentration (for large rR or [R]). Rather, it is robs which is predicted to be a function of radical second-order rate constants (Table 3) .
Rothenberger et al. (54) have used laser pulse photolysis coupled with nano-and picosecond spectroscopy to estimate carrier trapping and recombination rates in an aqueous semiconductor slurry. These phenomena correspond to reactions (T5), (T6), and (T8) in Table 1 . Therefore, one should be able to obtain estimates for ks, k6+, and k8+ for a given photocatalyst by pulse photolysis. By analyzing the rate of recombination between trapped electrons and trapped holes, the rate-determining step in the back reaction (reaction sequence (T6-), (T8-), and (T5)) may be determined. This step is believed to be reaction (T6-). With the additional knowledge of the absorbed photon flux (kllac) and catalyst physical properties (as, Vp, etc.), one may be able to estimate both kobs and Kob s.
As an example, we can estimate r for the simplest case (Case III) if we assume kj~ = koH.. shown in Table 4 . There are numerous reasons for the estimated r values to vary from the observed degradation results; e.g., Case III may not have been the true mechanism, different catalyst brands were used, and there were variations in the conditions under which koH. was determined. Therefore, the comparison in Table 4 is meant as an example of how K values may be predicted and is not intended to prove or disprove the validity of Case III. Considering these stipulations, agreement of a number of (robs, Kest) pairs within a factor of 3 (last column, Table 4 ) is quite good.
CONCLUSIONS/SUGGESTED WORK
This work has demonstrated that many possible mechanisms can give rise to the Langmuir-Hinshelwood rate forms commonly used to describe photocatalytic degradation kinetics. The cases in this study were all based on the assumption that the hydroxyl radical is the primary oxidant in the photocatalytic system. We have shown that the prediction of a reactant-independent rate parameter, kobs, is verified by the results of our laboratory. Further evidence may be obtained if other research groups publish their complete initial rate data. Additionally, a correlation between secondorder hydroxyl radical reaction rate constants and observed degradation constants (K) seems likely.
At this point, it is not possible to distinguish between the reaction of an adsorbed radical and the reaction of a free radical very near to the photocatalyst surface. However, from comparisons of reaction and diffusion rates, we find it plausible that OH. is present as a mobile radical. Because of its high reactivity, the radical is unable to diffuse very far from the surface before reacting. For surface-generated free radicals, adsorption of the organic substrate would be an aid but not a requirement for reaction. Under these assumptions, the oxidative degradation reaction could be a combination of Cases II and IV, where photo-generation of free OH. is given by the sum of reactions (T6+) and (T4-). Since the rootmean-square diffusion distance is inversely proportional to the concentration of oxidizable reactants, perhaps the analysis of ultrapure aqueous systems (involving an immobilized photocatalyst) or vapor-solid photocatalytic systems will allow for the detection of free hydroxyl radicals.
The fate of oxygen has not been explored in the development of these mechanisms. Further investigation of oxygen reduction, via isotope studies and other techniques, may lead to additional insights into the true degradation mechanism(s). In addition, the use of laser pulse photolysis to investigate the rapid recombination and trapping events occurring in and on the semiconductor photocatalyst may allow for the measurement of the kinetic parameters derived for the proposed mechanisms.
Although it is not yet possible to distinguish which (if any) of the proposed cases represent the actual degradation mechanism, this study has demonstrated the utility of plausible kinetic mechanisms for the description of observed phenomena and the prediction of model parameters. As has historically occurred in the study of chemical reaction kinetics, the development of representative reaction mechanisms will undoubtedly advance efforts to predict and modify photocatalytic reaction kinetics. Arabic numbers refer to reactions in Table 1 . +,-Refer to the forward or back reaction, respectively. obs = Observed value from degradation experiments. est = Value estimated based on model assumptions. APPENDIX 2 We begin by considering a single catalyst particle under uniform illumination in an aqueous solution. A summary of the possible reactions occurring during the photocatalytic degradation reaction is given in Table  1 . Each of the four cases presented in Table  3 uses selected reactions from this set. We present the derivation of Case II to illustrate the assumptions of the kinetic model.
Case II represents the most complex mechanism since the surface-generated OH-must diffuse into solution and the organic reactant, which normally originates in the solution phase, must adsorb. In this scheme, the reactions of interest are (T1)-(T6), (T8), and (T10). As discussed in the text, reaction (T7) is assumed to be insignificant. For the single photocatalyst particle, the rate of disappearance of the reactant of interest, R~, may be represented by (8) . The constraint of electroneutrality on a catalyst particle maintains that one e-must react per h ÷ reacted. If reduction of O2 leads to net radical formation, there will be an increase in the number of photo-generated radicals proportional to their production rate by reaction (T6). The o~ term is the proportionality constant. We expect l -< c~ -< 2, since stoichiometry and redox considerations lnCl~cate that the trapping of one conduction band electron can result in a maximum net gain of only one radical.
There are two methods by which the surface-generated OH-can appear in the bulk solution. If hole trapping produces a free hydroxyl radical, this species has only to ,~k;,+Ih+l Because of the photo-generation rates of h + and e-are equal, and because the semiconductor intrinsic carrier density is comparatively low (11) 
Although k5 >> k~+, the hole-trapping reaction is able to compete effectively with recombination at very low hole concentration because of the [h+] 2 dependence of recombination. For very low electron-hole generation rates, Rothenberger et al. (54) have shown that the disappearance of trapped electrons follows overall first-order kinetics. It is postulated that this is due to reaction (T6-) being the rate-determining step in the reaction between trapped holes and trapped electrons (the reaction sequence (T6-), (T8-), (T5) Since high carrier densities are created by high photon fluxes, the regimes of Eqs. (11) and (12) correspond to high and low illumination intensities, respectively. Experimental observations show that the dependence of the photocatalytic degradation rate on illumination intensity undergoes a transition from first-order to half-order kinetics as intensity increases (9, ll 
